Conformational energy calculations are used to analyze the interactions of structural substructures in subtilisin BPN. These substructures are kept fixed or-"rigid" so that the only variables in the calculations are the backbone segments that separate them. The flexible segments are assumed to be free turns. Using this representation of the protein it is possible to predict both a likely order of events along a folding pathway and preferred modes of conformational changes of the native protein. Moreover, when the native structure has been perturbed by moving the substructures apart, it is possible to assess the range of interactions that return the protein, upon energy minimization, to its original conformation. These results suggest an approach to the folding problem based on the piecemeal formation of tertiary structure from smaller prefolded fragments.
The information necessary to determine the three-dimensional structure of a folded protein is contained in its sequence of amino acids (1) . Thus, it should be possible in principle to predict the geometry of a protein from its primary structure. However, it does not seem possible that the final conformation of a protein is established by selecting the lowest energy state from among all possible conformations. The time required for random motion to produce all possible states would be many orders of magnitude longer than the observed folding time (2) . In addition, a search of all possible states would presumably result in the structure's being trapped in some "incorrect" local minimum (unless biological evolution specifically selected against this possibility). Thus, an elucidation of the folding pathway is an essential step in discovering the relationship between the primary and tertiary structure of a protein.
We assume that proteins fold by following a multiply. branched pathway in which the first stage is the formation of local secondary structure governed by interactions between amino acids that are near each other in the peptide chain. Subsequently, these structures, such as a-helices and antiparallel fl-strands, would interact, perhaps being modified in the process, to produce larger structural fragments which then undergo further assembly to yield the native conformation, which we assume to correspond to the crystal conformation. In fact, there is considerable evidence for the existence of "independent" structural fragments of tertiary structure. For example, Rao and Rossman (3) have noted similar patterns of secondary structure organization in a number of proteins. Wetlaufer (4) has emphasized the existence of large globular domains that have been noticed in many proteins although it has not yet been possible to establish unique criteria for their identification. However, in a number of cases (e.g., immunoglobulins, serine proteases) the proteins are clearly formed of distinct domains.
The existence of independent structural regions of various sizes provides an enormous simplification for computational efforts to predict structure from sequence. It suggests a hierarchical approach to folding where at any stage one need only treat a relatively small number of fixed units and a small number of variables. A number of recent studies have demonstrated the feasibility of predicting how units of secondary structure assemble to form larger regions. Ptitsyn and Rashin (5) have rationalized the structure of myoglobin in terms of the most favorable packing arrangement of cylindrical helices with hydrophobic and hydrophilic areas on their surfaces. A different approach has been used by Levitt and Warshel (6) in simulating the folding of pancreatic trypsin inhibitor (PTI) from an extended chain. These workers have succeeded in representing PTI in a highly simplified form that contains enough information to fold, upon energy minimization, into a conformation with a folding pattern similar to that of the native protein. On the basis of the details that have been published it appears to us that the information to define the final structure is incorporated into Levitt and Warshel's model through their choice of local torsional potentials for each amino acid. Most residues are taken to have relatively steep potentials, with an energy minimum in the extended ,8-region that is close to the starting conformation. Glycines, aspartic acids and asparagines are assigned broader potentials with a minimum in a conformation corresponding to a turn. Thus, PTI has been represented as a series of relatively rigid fragments connected by flexible joints. Native PTI consists primarily of extended regions connected by hairpin turns. Since each of these turns either contains or is adjacent to a Gly, Asp, or Asn, which are absent from the extended regions, the starting conformation contains a great deal of information as to the final topology of the molecule. Thus, it is not clear whether this approach will be successful without serious modification in simulating the folding of most other proteins where many turns do not contain Gly, Asp, or Asn, while many extended and helical regions do.
In general, it appears to us that rigid units connected by flexible joints are an extremely useful concept' in analyzing protein conformation. Rigid as used here implies that certain regions maintain their structure long enough to interact as a single unit. Their relative orientation is then describable in terms of the conformation of the flexible backbone segment that separates them.
In this paper we use the concept of flexible joints to study the mutual interaction of fixed regions of various sizes. We have associated joint fragments with turns (7) that tend to appear on the surface of proteins and to contain a high percentage of glycines. Thus, it seems most reasonable to assume that they constitute extremely flexible chain segments and that they play a passive (8) rather than directing role (9) A second type of calculation performed was the minimization of the interaction energy of two rigid regions with respect to the protational angles in the chain fragment that separates them. The conformation obtained is compared to the crystal structure through the root mean square (rms) deviation of the energy-minimized coordinates from the crystal coordinates.
Two types of starting points were tested for each joint. In the first we started from the crystal structure and determined if the conformation was in a local minimum. This was done by systematically using larger sized fragments on each side of the joints so that we could determine the range of interactions that governed the native conformation. A second starting point was from a perturbed structure where the two regions were first separated from one another with the procedure described above. Separating the two regions allows testing of packing arrangements other than those imposed by starting with the native conformation. The separation procedure employed in this case, as opposed to that of the previous paragraph, included only 75 amino acids on either side of the joint. This was required because inclusion of the entire protein in the separation procedure often necessitated moving large side chain residues over substantial distances. Since we have limited ourselves to completely rigid structural regions, the domains to be separated had to be small enough to be moved apart without disturbing the large amino acids. Regions of 75 amino acids on each side of a proposed joint were found to be adequate for this purpose. In general, the interaction between two pairs of amino acids was classified as "long range" or "short range" depending on whether both were separated from a particular joint by more or less than 25 residues.
RESULTS
All calculations were performed on the protein subtilisin BPN (16); coordinates of Wright et al. (16) were obtained from the Protein Data Bank of Brookhaven National Laboratory. Based on observation of its crystal structure, it has been suggested that subtilisin contains three distinct domains consisting of residues 1-100, 100-175, and 175-275.
The separation procedure described in the previous section was applied to a number of turns in subtilisin and the results are summarized in Table 1 . The maximum separation distance listed corresponds to the change in the distance between the center of coordinates that was achieved before incurring bad contacts. Thus, for the link including residues 50-54, the distance between the centers of coordinates of regions 1-50 and 54-275 was increased by 1 A, after which unacceptable steric violations appeared. We did not try to separate regions by more than 6 A. Based on ease of separation, we may classify three types of joints. Joints 60-64 and 76-80 are extremely rigid in the native structure and this rigidity results from relatively shortrange interactions. Thus, the overall conformation of this re- joints As described in the previous section, our method has been to determine the range of interactions that result, upon energy minimization, in a conformation that is close to the native one. The results for two flexible joints are shown in Table 2 . The initial rms deviations of the atoms that are moved by the joint define the extent to which the protein has been perturbed from its crystal conformation. The rigid structures on each side of the joint that are included in the calculations are indicated in the table.
The results show that if enough residues are included on either side of the joint, the native conformation will coincide with a local minimum. This does not seem surprising, since the structure determined crystallographically is close packed and by minimizing the van der Waals energy we are essentially optimizing the packing. It is, however, interesting that two joints show very different behavior. Joint 128-132 is in a local minimum if only 10 residues on each side are included in the calculations, while joint 98-102 requires 40 residues on each side.
The results of the second rows in Table 2a and b suggest that the native conformation corresponds to one of minimum energy, even when alternate conformations are easily accessible. In the starting conformations where the two regions have been separated by about 6 A, essentially all of the residues interacting across the joint are no longer in van der Waals contact, (see Fig.  1 ). Although the faces of the two regions are still somewhat aligned, the orientation of the residues in the turn allows for relative motion in any arbitrary direction. Nevertheless, both for joint 98-102 and joint 128-132, if enough residues are included in the calculations, energy minimization returns the protein to a conformation essentially identical to the original one. However, for joint 98-102 nearly the entire faces of regions 1-100 and 100-175 are required to return the protein to its original structure, whereas much shorter-range interactions seem to be determining the conformation of joint 128-132.
These differences can be understood qualitatively by con Table 2a. long-range f3-sheet-forming residues are included in the calculations. These involve residues 120-124 packing against residues 28-32. Thus, the conformation of joint 98-102 appears to be determined by the packing of the entire faces of two structural regions, whereas smaller structures closer in the primary sequence to the joint are not in their optimal packing configuration. This suggests that the conformation of regions 1-100 and 100-150 were formed independently and that they interact as entities with one another at a relatively late stage in folding. Moreover, the rigidity of the joint at residues 195 suggests that residues 200-275 must be in place before this occurs.
It should be pointed out that for both joints the final values of the variable angles after minimization may be somewhat different (110O) from those determined from the crystallographic data. This difference involves local rearrangements within the joint. The packing, however, is not influenced by a particular set of angles but rather by the overall conformation. It is of interest that the electron density is poorly defined in the crystal for joint [98] [99] [100] [101] [102] (17) both in subtilisin BPN and in subtilisin Novo, indicating a great deal of local flexibility.
DISCUSSION
Our major goal in this work has been to develop criteria for defining a hierarchy of events that occur in the folding (or unfolding) of a protein. It appears to us unlikely that it will be possible to predict the tertiary structure of proteins without incorporating specific information as to a folding pathway. We have assumed that it is possible to represent the polypeptide chain in terms of rigid fragments separated by flexible joints and that the mutual assembly of the fragments directs the folding pathway. We have shown that this model may be used to analyze known proteins; however, its utility in an a priori predictive scheme is still limited. The major problem is of course that there is still a great deal of uncertainty in predicting even secondary structure from the primary sequence. Nevertheless it is important to determine the extent to which it is possible to predict the geometry of a structure formed from smaller well-defined fragments.
The results of Ptitsyn and Rashin (5) and Levitt and Warshel (6) show that criteria such as close packing and hydrophobicity limit the number of ways that structural fragments can assemble and thus suggest that at least a gross geometry is subject to prediction. We have shown that it is possible to refold a perturbed structure to a conformation essentially identical to that of the native protein. Thus, some combination of these approaches should provide a successful algorithm for the prediction of tertiary structures formed by smaller fragments. A major difficulty in any detailed scheme is the uncertainty associated with side chain conformations. In this study side chains have been kept fixed in their crystal conformation which may explain, at least partly, why two fragments refold so well. The assumption of no prior knowledge of side chain geometry would have introduced serious difficulties into our calculations. It is possible that an averaging technique such as that used by Levitt and Warshel (6), (perhaps retaining more information about alternative side chain conformations than is available from a spherical average), would reduce the complexity of the problem. An additional simplification may result from the recent observation of Gelin and Karplus (18) that side chains in proteins appear in conformations that correspond to the energy minima of the free amino acids.
It is somewhat surprising that our refolding calculations yield such striking agreement with crystal data using potential functions that neglect hydrophobic interactions. However, van der Waals forces provide a driving force that tends to maximize the number of interacting atoms while avoiding bad contacts. Thus, in all calculations of this type the van der Waals forces provide a proxy for hydrophobic forces by building in a strong tendency for aggregation. While it is possible that these forces do make some contribution to the free energy of a folded protein, it is clear that we have greatly overemphasized their contribution by neglecting similar interactions with the solvent. However, in this study they provide a pathway to the native conformation, which is a tightly packed structure. The fact that the native conformation is accessible, i.e., that there are no other local minima in the vicinity, is extremely encouraging for future work.
An important result of this study is the possibility of sepa- Honig, manuscript in preparation).] The separation procedure we have described should facilitate the analysis of denaturation experiments by describing the motion of large fragments with respect to one another. Since the mutual assembly of two domains is also likely -to be a late stage in folding, this procedure allows us to study a relatively welldefined step along a folding pathway.
